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Theory of the double-edge molecular
technique for Doppler lidar wind measurement

Cristina Flesia and C. Laurence Korb

The theory of the double-edge lidar technique for measuring the wind with molecular backscatter is
described. Two high-spectral-resolution edge filters are located in the wings of the Rayleigh–Brillouin
profile. This doubles the signal change per unit Doppler shift, the sensitivity, and improves measure-
ment accuracy relative to the single-edge technique by nearly a factor of 2. The use of a crossover region
where the sensitivity of a molecular- and an aerosol-based measurement is equal is described. Use of
this region desensitizes the molecular measurement to the effects of aerosol scattering over a velocity
range of 6100 mys. We give methods for correcting short-term, shot-to-shot, frequency jitter and drift
with a laser reference frequency measurement and methods for long-term frequency correction with a
servo control system. The effects of Rayleigh–Brillouin scattering on the measurement are shown to be
significant and are included in the analysis. Simulations for a conical scanning satellite-based lidar at
355 nm show an accuracy of 2–3 mys for altitudes of 2–15 km for a 1-km vertical resolution, a satellite
altitude of 400 km, and a 200 km 3 200 km spatial resolution. © 1999 Optical Society of America

OCIS codes: 010.0010, 280.0280, 280.3640, 280.3340, 280.5830.
1. Introduction

Direct-detection lidar techniques for measuring the
atmospheric wind field use either aerosol1–7 or
molecular1,8–10 backscatter. The aerosol backscat-
ered spectrum is narrow with respect to the laser
idth and as a result has the same spectral width as

he outgoing laser. Aerosol-based wind measure-
ents thus offer the possibility of high spectral res-

lution, high sensitivity measurements in those areas
here the aerosol backscatter is high. However,

arge regions of the southern hemisphere as well as
id-oceanic regions have low aerosol concentrations

n the free troposphere.11 As a result, current aero-
sol systems cannot be used for complete global cov-
erage over the troposphere. Alternatively, the
molecular backscattered spectrum is broad, which
limits the sensitivity of the measurements. How-
ever, the molecular scattering provides a dependable
and reasonably uniform source of scattering on a
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global basis. This is particularly important for mak-
ing satellite-based wind measurements.

In this paper we describe a double-edge lidar tech-
nique for measuring the wind with the molecular
signal backscattered from the atmosphere. The
method is similar to the single-edge molecular
method for determining the wind that was described
in 1992 ~Ref. 1!. In both cases we measure the wind
as the average drift velocity of the molecular motion.
The molecular signal is spectrally broadened by
Doppler shifts that are due to the random thermal
motion of molecules, and by Brillouin scattering.12–15

With the single-edge method we measure the Doppler
shift of this Rayleigh–Brillouin ~R-B! spectrum by
locating it on a moderately sharp spectral edge of a
high-spectral-resolution optical filter. Relatively
large changes in measured signal are observed for
small frequency shifts that are due to the steep slope
of the edge. A small portion of the outgoing beam is
sampled to determine the frequency of the outgoing
laser signal by measurement of its location on the
edge of the filter. The energy is split into an edge
filter and an energy monitor channel that is used to
normalize the edge filter signal. In a similar man-
ner the laser energy backscattered from the atmo-
sphere is collected with a telescope and is then
measured with the edge detection setup to determine
its frequency for each range element. The Doppler
shift, and thus the wind, is determined from a differ-
ential measurement of the frequency of the outgoing
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laser pulse and the frequency of the laser return
backscattered from the atmosphere. The differen-
tial frequency technique used to measure the Doppler
shift renders the measurement insensitive to laser
and filter frequency jitter and drift. A detailed de-
scription of the theory for the single-edge method is
given in Ref. 1.

Korb et al. recently described a double-edge lidar
echnique for measuring the wind with the signal
ackscattered from aerosols in the atmosphere.16

With this method we use a second edge measurement
for signal normalization rather than an energy mon-
itor measurement, as is used in the single-edge tech-
nique. This technique doubles the sensitivity of an
aerosol wind measurement relative to a single-edge
aerosol wind measurement and yields an improve-
ment in accuracy of nearly a factor of 2. In a similar
manner we can use a double-edge technique for a
molecular system to double the wind measurement
sensitivity. We also describe a method for making
the sensitivity of a wind measurement independent
of whether the signal is backscattered from molecules
or aerosols. We do this by locating the wind mea-
surement in a region where the sensitivity of a
molecular-based and an aerosol-based wind measure-
ment are equal. This has the effect of desensitizing
the molecular measurement to the effects of aerosol
backscatter. The system we describe can use dual
etalons for the edge filters, as is done in Chanin’s
system.8,9 However, unlike Chanin’s system, ours is
desensitized to the effects of aerosol scattering, uses
a reference frequency measurement to control and
correct for short- and long-term frequency errors,
which is critical for a high accuracy wind measure-
ment, and has greater sensitivity.

In the following sections we describe the theory of
the double-edge measurement and the method of
analysis, including methods for correcting frequency
errors; measurement optimization; and methods of
desensitizing the measurement to aerosol effects, the
effects of R-B scattering, and simulation results.

2. Theory

Consider a laser located at frequency nl that is sent
ut and backscattered from molecules and aerosols in
he atmosphere. The backscattered laser frequency
s double Doppler shifted by the atmosphere by the
mount of

Dn 5
2v
c

n, (1)

where v is the velocity of the wind along the line of
ight of the laser beam, n is the frequency of the laser,

and c is the velocity of light. The backscattered la-
ser signal as well as the outgoing laser signal is split
between two edge filters as shown in Fig. 1. In ad-
dition, a few percent of the signal is directed to an
energy monitor detector. The two edge filters cen-
tered at frequencies n1 and n2 are located in the wings
of the R-B spectrum ~see Fig. 2!.
The signal measured by edge filter one is

I1 5 aH*
2`

`

T1~n 2 n1!IR@n 2 ~nl 1 Dn!#dn

1 IA T1~nl 1 Dn 2 n1!J , (2)

where a is a constant, IR is the backscattered R-B
spectrum, Ti is the transmission of the ith edge filter
~Ti9! for the laser, and IA is the backscattered aerosol
signal. In a similar manner, the signal measured by
edge filter two is

I2 5 aH*
2`

`

T2~n 2 n2!IR@n 2 ~nl 1 Dn!#dn

1 IA T2~nl 1 Dn 2 n2!J . (3)

When etalons are used as edge filters, T9 is given by
the Airy function, which is a Lorentzian for a single
etalon fringe17; that is,

Ti9~n! 5
1

1 1 @~n 2 ni!yDniy2#2 , (4)

Fig. 1. Outgoing and backscattered laser signals split by a beam
splitter ~BS! and a mirror ~M! between the two edge detector
~EDGE DET! channels, and a small portion of the signal is sent to
an energy monitor detector ~EM DET!.

Fig. 2. Setup for the double-edge measurement of frequency
shifts of the R-B profile with two edge filters at frequencies n1 and n2.
20 January 1999 y Vol. 38, No. 3 y APPLIED OPTICS 433
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where ni is the center frequency and Dni is the full
width at half-height ~FWHH! of the ith filter. Let

R1~n1, nl 1 Dn! 5 *
2`

`

T1~n 2 n1!IR@n 2 ~nl 1 Dn!#dn,

(5)

R2~n2, nl 1 Dn! 5 *
2`

`

T2~n 2 n2!IR@n 2 ~nl 1 Dn!#dn;

(6)

then Eqs. ~2! and ~3! can be expressed as

I1 5 a@R1~n1, nl 1 Dn! 1 IA T1~nl 1 Dn 2 n1!#, (7)

I2 5 a@R2~n2, nl 1 Dn! 1 IA T2~nl 1 Dn 2 n2!#. (8)

We can expand I1 and I2 about nl in a Taylor series as

I1 5 aHR1~n1, nl! 1 IA T1~nl 2 n1!

1 F d
dn

R1~n1, nl! 1 IA

d
dn

T1~nl 2 n1!GDnJ , (9)

here

R1~n1,nl! 5 R1~n1,nl 1 Dn!uDn 5 o,

d
dn

R1~n1, nl! 5 F d
dn

R1~n1, nl 1 Dn!G
Dn5o

,

and T1 and its derivative are given in a manner sim-
lar to R1 above. Equation ~9! can be rewritten as

I1 5 a(R1~n1, nl! 1 IA T1~nl 2 n1! 1 DnHR1~n1, nl!

3 F 1
R1~n1, nl!

d
dn

R1~n1, nl!G 1 IA T1~nl 2 n1!

3 F 1
T1~nl 2 n1!

d
dn

T1~nl 2 n1!GJ) . (10)

We can greatly simplify the analysis by locating the
measurement in a crossover region such that

1
R1~n1, nl!

d
dn

R1~n1, nl! 5
1

T1~nl 2 n1!

d
dn

T1~nl 2 n1!.

(11)

The use of this concept allows us to desensitize the
molecular wind measurement to the effects of aerosol
backscatter as discussed in Subsection 3.B.2. It
then follows that

I1 5 a@R1~n1, nl! 1 IA T1~nl 2 n1!#

3 F1 1
Dn

R1~n1, nl!

d
dn

R1~n1, nl!G . (12)
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This can be put in the form

I1~n1, nl 1 Dn! 5 I1~n1, nl!F1 1
Dn

R1~n1, nl!

d
dn

R1~n1, nl!G .

(13)

n a similar manner,

I2~n2, nl 1 Dn! 5 I2~n2, nl!F1 1
Dn

R2~n2, nl!

d
dn

R2~n2, nl!G .

(14)

f we define f as

f ~Dn! 5
I1~n1, nl 1 Dn!

I2~n2, nl 1 Dn!
, (15)

it then follows from Eqs. ~13!–~15! that

f ~Dn! 5 f ~0!H1 1 F 1
R1~n1, nl!

d
dn

R1~n1, nl!

2
1

R2~n2, nl!

d
dn

R2~n2, nl!GDnJ (16)

to first order in Dn. This can be rewritten as

f ~Dn! 5 f ~0!@1 1 ~q19 1 q29!Dn#, (17)

where

q19 5
1

R1~n1, nl!

d
dn

R1~n1, nl!,

q29 5
21

R2~n2, nl!

d
dn

R2~n2, nl! (18)

re the sensitivities of the molecular measurement
or a single edge,1 taken in a positive sense, for a unit

Doppler shift. It follows from Eq. ~17! that the
Doppler shift is given as

Dn 5
f ~Dn! 2 f ~0!

f ~0!~q19 1 q29!
(19)

and from Eqs. ~1! and ~19! that the wind velocity
along the line of sight of the laser is

v 5
c

2n

@ f ~Dn! 2 f ~0!#yf ~0!

q19 1 q29
. (20)

The measurement error along the line of sight is
given in a manner similar to the double-edge aerosol
experiment as16

ε 5
1

~q1 1 q2!~SyN!
, (21)

where q1 1 q2 is the sum of the sensitivities for the
double-edge measurement for a unit velocity change



g
u
n
e
b
s
e

t
l

c
t
t
m
m
f
t
T
m
r
f

m
q
P
s
c
e
t
m
a

p
t
t

and SyN is the signal to noise for the ratio measure-
ment of Eq. ~15!. The signal to noise is given as1

1
~SyN!

5 F 1
~SyN!1

2 1
1

~SyN!2
2G1y2

, (22)

where ~SyN!i is the signal to noise for the signal Ii.

3. Analysis

The double-edge molecular wind measurement is
made in the region from 320 to 400 nm to take ad-
vantage of the high molecular backscatter, b } l24,
and to minimize absorption and scattering losses. A
single-mode injection-seeded Nd:YAG laser is fre-
quency tripled to provide narrow-band output at 355
nm with a width of the order of 200 MHz. This is
nearly monochromatic with respect to the width of
the R-B spectrum, 3.6 GHz FWHH, and easily meets
the needs of the molecular measurement. For
satellite-based measurements, Nd:YAG has the ad-
vantage that it can be diode pumped with relatively
high efficiency and it has a long lifetime.

A. Correction of Frequency Error

The correction of frequency error is critical for a high
accuracy wind measurement. There are two types of
frequency error, short term and long term. The treat-
ment of short-term error follows from Eq. ~17!, which
ives the basic formulation of the double-edge molec-
lar technique. The ratio of the Doppler-shifted sig-
als backscattered from the atmosphere for the two
dges f ~Dn! is given in terms of the ratio of the same
ackscattered atmospheric signals for zero Doppler
hift f ~0! and the sum of the sensitivities for the two
dges. The term f ~0! is given by Eq. ~15! as

f ~0! 5 I1~n1, nl!yI2~n2, nl!. (23)

We use the outgoing laser signal as measured by
the edge filters as a reference to correct for laser or
filter frequency jitter and drift. We note that the
term f ~0! is not a measured quantity. We can find
f ~0! as follows. First we determine the location of
the laser on each edge filter by measuring the ratio of
each edge signal to the energy monitor signal.1 We
then calculate the signals I1 and I2 as the convolu-
ions of each edge filter with the laser and the R-B
ine profile and find f ~0! from Eq. ~23!. To calculate

the R-B profile, we need an estimate of the tempera-
ture. We note that the width of the Rayleigh profile
varies as the square root of the temperature. For
zero Doppler shift and for a symmetric setup of the
two etalons with respect to the laser, f ~0! is indepen-
dent of temperature, because an increase in the width
of the spectrum affects I1 and I2 equally ~see Fig. 2!.
For a temperature of 250 K and with a 5K error in the
temperature estimate, the resulting errors in the
wind measurements that are due to the error in f ~0!
are 0.11 and 0.55 mys for wind velocities of 10 and
50 mys, respectively.

Long-term frequency errors are removed with a
servo control system, which is used to lock the edge of
each etalon fringe to the pulsed laser frequency.
The measurement of the transmission of the outgoing
laser signal on each edge filter is compared with a
preselected value. A deviation from the preselected
value is used to generate an error signal, which is
used to tune the edge filter to compensate for the
deviation. This system maintains each edge filter at
approximately the correct location with respect to the
laser frequency. High frequency accuracy is not re-
quired, because short-term frequency errors are re-
moved with Eq. ~23!.

B. Measurement Optimization

1. General Factors
The backscattered signals from the atmosphere are
split equally between the two-edge channels. A small
percentage of the signal is split off and sent to an
energy monitor channel, which is used for locking the
edge filters to the laser frequency. That is, the trans-
mission of the outgoing laser on each edge filter is
determined from the ratio of the signal from each edge
channel to the signal from the energy monitor channel.

We can optimize the performance of the measure-
ment by minimizing the measurement error as given
by Eq. ~21!. One of the key parameters that must be
onsidered is the measurement sensitivity. We note
hat dividing by the sensitivity converts the frac-
ional error in the measurement into an error in
etersysecond. Thus a doubling of the measure-
ent sensitivity not only reduces the SyN required

or a given error by a factor of 2, but it also reduces
he effect of systematic errors by this same factor.
his is of prime importance for a molecular measure-
ent whereas the sensitivity is lower than for a cor-

esponding aerosol-based edge measurement by a
actor of approximately 10.

Figure 3 shows the measurement sensitivity of a
olecular measurement as a function of the fre-

uency separation between the laser and the Fabry–
erot etalons for various spectral resolutions. As
hown, the measurement sensitivity generally in-
reases as the spectral resolution increases. How-
ver, the higher the spectral resolution, the smaller
he transmitted signal. Also, the peak of the curve
oves further out on the R-B spectrum, which yields
lower signal and thus a lower SyN.
For a signal shot-noise-limited case, the SyN is

roportional to the square root of the signal through
he edge filter. We can define a figure of merit ε9 for
he measurement error as

ε9 5
1

~q1 1 q2!ÎR1~V1, Vl!
.

Thus the smaller the value of ε9, the higher the per-
formance.

Figure 4 gives ε9 as a function of the location of the
etalon on the R-B spectrum at an altitude of 10.1 km
for various spectral resolutions. As shown, the error
can vary by a factor of 2 as the separation of the laser
and the edge filter varies from 1 to 3 GHz. The error
20 January 1999 y Vol. 38, No. 3 y APPLIED OPTICS 435
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decreases slowly as the spectral resolution, half-width
at half-height ~HWHH!, varies from 0.26 to 0.78 GHz.

The minimum error occurs for a Fabry–Perot etalon
with a width of 0.778 GHz, HWHH, and the error has
a relatively flat minimum for laser-edge filter separa-
tions from 2.1 to 2.6 GHz. As shown in Subsection
3.B.2, the measurement can be desensitized to the ef-
fects of aerosol scattering if the measurement is lo-
cated at the crossover point, which corresponds to 3.31
half-widths, HWHH, for a Fabry–Perot etalon or a
laser-edge filter separation of 2.58 GHz for an etalon
with a half-width of 0.778 GHz, HWHH. It is impor-
tant to note that the crossover location lies within 3%
of the minimum error. Thus the molecular wind mea-
surement can be desensitized to aerosol scattering ef-
fects while near optimum measurement error is
achieved simultaneously.

2. Crossover Region
The edge filter measurement generally depends on
the magnitude of the atmospheric backscattered mo-

Fig. 3. Measurement sensitivity as a function of frequency for
Fabry–Perot etalons for various spectral resolutions.

Fig. 4. Figure of merit for the measurement error for various
spectral resolutions as a function of the location of the etalons on
the R-B spectrum.
36 APPLIED OPTICS y Vol. 38, No. 3 y 20 January 1999
lecular, R-B, and aerosol signals @see Eqs. ~2! and ~3!#.
hus in general the molecular and aerosol signals
ave to be separated spectrally, measured sepa-
ately, and treated independently in the analysis.
e can, however, locate the edge filter measurement

n a crossover region @see Eq. ~11!# where the frac-
ional change in the measured molecular and aerosol
ignals are equal for a given frequency shift. That
s, the measurement sensitivities are equal for the

olecular and aerosol portions of the signal. In this
ase the aerosol signal acts in a manner similar to the
olecular signal, and the measurement is desensi-

ized to the effects of aerosol scattering. This is one
f the characteristics that separates the system we
escribe from that of Chanin,8,9 which does not use

the crossover region.
Figure 5 shows the crossover region at a 30.1-km

altitude, which is close to a pure Rayleigh line shape
for the case of etalons used as edge filters with a
spectral resolution of 0.778 GHz, HWHH. As
shown, the sensitivity of the molecular- and aerosol-
based measurements are equal at a distance of 3.31
etalon half-widths, HWHH, from the laser frequency.
The sensitivity has a value of 0.72% mys at the cross-
over point for the double-edge setup.

The double-edge system is balanced over a broad
range of frequencies in the vicinity of the crossover
frequency nc and not only at the particular crossover
location if the edge filters are set up symmetrically
about the laser frequency at the crossover location.
Consider a Doppler shift Dn about the crossover fre-
quency nc. The Doppler-shifted spectrum has a
mean frequency of nc 1 Dn for one edge filter and a
frequency of nc 2 Dn for the second edge filter. The

Fig. 5. Crossover region for the R-B profile at 30.1 km, which is
close to a pure Rayleigh profile, for etalons used as edge filters for
a spectral resolution, HWHH, of 0.778 GHz.



effect of the Doppler shift on the molecular compo-
nent of the spectrum is to produce a small increase in
sensitivity for one edge filter and a small decrease in
sensitivity for the other edge filter. The total sensi-
tivity, q19 1 q29 @see Eq. ~17!#, tends to remain con-
stant, i.e., balanced. If the sensitivity curve for the
molecular spectrum had a linear variation in the vi-
cinity of the crossover frequency, then the system
would be perfectly balanced. The same discussion
applies equally to the aerosol component of the spec-
trum; i.e., the aerosol component of the spectrum is
also self-balancing. Thus the system is balanced
over a range of frequencies for arbitrary molecular
and aerosol backscatter levels. We note that the
balancing imposes no constraints on the slopes of the
molecular or aerosol sensitivity curves.

C. Rayleigh–Brillouin Scattering

Rayleigh scattering includes several scattering pro-
cesses. R-B scattering results from fluctuations in
the density of the media, and the Brillouin shift can
be regarded as Doppler shifts that are due to the
moving fluctuations of sound waves. Brillouin scat-
tering is inelastic, and with it new frequencies can
arise. Thus the R-B spectrum can include both a
central line that is due to light elastically scattered by
density fluctuations in the gas, and two inelastically
scattered Brillouin components that are symmetri-
cally shifted about the central Rayleigh peak. The
magnitude of the Brillouin shift is proportional to the
speed of sound in the scattering medium and also
depends strongly on the incident wavelength and
scattering angle. As the gas density decreases, the
R-B spectrum reduces to the familiar thermally
broadened Rayleigh spectrum. In this regime, the
individual molecules act as scatterers and the spec-
trum is Gaussian, which is produced by the Doppler
shift of the individual molecules that move with an
ensemble of velocities given by the Maxwell–
Boltzmann velocity distribution.

In general the inelastic Brillouin scattered compo-
nent must be included in the line profile in addition to
the elastically scattered Rayleigh component. We
modeled the R-B backscattered spectrum using the
theory of Sugawara and Yip.12 The R-B spectrum is
a complex function of frequency, temperature, and
pressure. Figures 6–8 show calculated spectra at a
wavelength of 355 nm at various temperatures for
pressures of 1000 mbars ~Fig. 6!, 500 mbars ~Fig. 7!,
and 250 mbars ~Fig. 8!. As can be seen, the Brillouin
peaks are not resolved and are barely apparent in the
wings of the 1000-mbar spectra. As expected, the
prominence of the Brillouin components decreases as
the pressure decreases, and the features are not
clearly evident in the 250-mbar spectra of Fig. 8. A
high positive temperature sensitivity, i.e., a large
positive fractional change in amplitude, is seen in the
far wings of the spectra, whereas a relatively small
negative temperature sensitivity is seen in the near
wings of the spectra.

The sensitivity of the Doppler wind measurement
technique, including the temperature and pressure
sensitivity of the R-B spectrum, can be optimized.
Figure 9 shows the calculated spectrum at a wave-
Fig. 6. R-B spectra at a wavelength of 355 nm at various tem-
peratures for a pressure of 1000 mbars.
Fig. 7. R-B spectra at a wavelength of 355 nm at various tem-
peratures for a pressure of 500 mbars.
Fig. 8. R-B spectra at a wavelength of 355 nm at various tem-
peratures for a pressure of 250 mbars.
20 January 1999 y Vol. 38, No. 3 y APPLIED OPTICS 437



t
p
T
s
m
a
v
2
a
k
r
m
o
h
v
m
i
t
m
e

Table 1. Satellite Lidar System Simulation Parameters

4

length of 355 nm for various altitude levels. As ex-
pected, the Brillouin component decreases with
decreasing pressure. Two primary parameters of
the high-resolution Fabry–Perot can be optimized,
the etalon HWHH and the distance between the eta-
lon fringe and the laser frequency. From previous
results calculated at 30.1 km, which is close to a pure
elastic Rayleigh line shape, the laser is located at 3.31
HWHH from the center of each etalon fringe for an
etalon HWHH of 0.778 GHz. This value is the cross-
over point at which the sensitivity, the percentage
change in signal for a 1-mys wind, is equal for both
Rayleigh and aerosol signals.

For the same value of the etalon width, calculations
with the R-B spectrum show, as expected, an altitude
dependence of the crossover point ~see Fig. 10!. The
crossover point varies between 3.31 half-widths,
HWHH, at a 30.1-km altitude, and 3.40 half-widths,
HWHH, at a 1-km altitude, which corresponds to a
change in the etalon sensitivity from 0.72 to 0.74%y
mys, respectively. If we optimize the system for a
5-km altitude, then the etalons are located symmet-
rically about the laser at 3.35 etalon half-widths, a
separation of 5.21 GHz. Our discussion above of the

Fig. 9. R-B spectra at a wavelength of 355 nm for various altitude
levels.

Fig. 10. Altitude dependence of the crossover region for the R-B
profile for etalons used as edge filters with a spectral resolution of
1.56 GHz.
38 APPLIED OPTICS y Vol. 38, No. 3 y 20 January 1999
balancing properties of the crossover region also ap-
plies to the R-B profile. We note that the maximum
variation in the sensitivity at the extreme altitudes is
60.01% mys about the mean value, which corre-
sponds to a maximum wind error of 1.4% ~as a per-
centage of the wind value if this effect were not
accounted for!.

D. Simulations

To evaluate the performance, we present the results
of simulations for a satellite-based system. The
parameters for the satellite system are as follows.
The satellite altitude is 400 km. We used a 45°
conical scan with photomultiplier tube ~PMT! de-
ectors, which gives a swath width of 800 km. This
roduced a spatially representative measurement.
he parameters for the satellite-based system are
hown in Table 1. We considered wind measure-
ents with a spatial resolution of 200 km 3 200 km

nd a 1-km vertical resolution. The time to tra-
erse 200 km along the spacecraft velocity vector is
8.6 s for a satellite velocity of 7 kmys. This yields
n average measurement time of 7.2 s for each 200
m 3 200 km spatial element. For a 20-Hz laser
epetition rate, there are 144 shots per spatial ele-
ent, assuming the shots are uniformly distributed

ver each spatial element. To determine the two
orizontal components of the velocity, two different
iewing directions are used for each spatial ele-
ent. Thus there are 72 shots for measurements

n both the forward and backward viewing direc-
ions. We used a Nd:YAG single longitudinal
ode laser operating at 20 Hz with an output en-

rgy of 3 Jypulse at 1064 nm, a pulse length of 8 ns,

Platform measurement characteristics
Altitude ~km! 400
Scan pattern 45° Conical
Spatial resolution ~km 3 km! 200 3 200
Vertical resolution ~km! 1
Shots averaged 72

Laser
Wavelength ~nm! 355
Energy ~J! 1
Spectral width ~MHz! 200

Receiver
Telescope diameter ~m! 0.9
Field of view ~mrad! 0.1
Optical efficiencya 0.46
Beam splitter 48y48
Transmissionyreflectance
Detector PMT
Quantum efficiency ~%! 25

Etalon
Spacing ~cm! 1.25
Free spectral range ~GHz! 12
Spectral width ~FWHH, GHz! 1.56
Effective finesse 7.71
Etalon separation ~GHz! 5.21

aThe optical efficiency does not include the beam splitter trans-
missionyreflectance or the etalon transmission.
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and a linewidth of 80 MHz. The laser output en-
ergy is frequency tripled to 355 nm, which yields 1
Jypulse with a linewidth of 200 MHz.

Our atmospheric model uses the 1985 U.S. Stan-
dard Atmosphere for the molecular backscatter and
the globe north median distribution for the aerosol
model.11 We use the Airy function to represent the
etalons, which have a spectral width, FWHH, of 1.56
GHz and a separation from the laser of 2.605 GHz.
The model of Sugawara and Yip12 is used for R-B
scattering. We use a single-scattering model for
these simulations, because clouds are not included in
these simulations and the contribution of multiple
scattering is negligible. We included the effects of
600 dark countsys that are due to the PMT detector
and the effects of a daylight background ~20% albe-
do!, but the effect was small, because we used
narrow-band interference and etalon background
blocking filters. We assumed the reference fre-
quency measurement was made with the outgoing
laser pulse with a much higher SyN than the atmo-
spheric return pulse and thus introduced negligible
error.1 The errors are given for measurements
along the line of sight of the laser beam. The sim-
ulation results for the satellite-based system are
shown in Fig. 11. As shown, the error in the wind
velocity varies from 2 to 3 mys over the altitude range
from 2 to 15 km for wind velocities that vary from 0
to 6100 mys.

4. Conclusion

A double-edge lidar technique for measuring the
wind with molecular backscatter has been described.
The technique uses two high-spectral-resolution edge
filters that are located in the wings of the R-B profile.
It has been shown that this doubles the signal change
for a given Doppler shift, the sensitivity of the mea-
surement, which leads to improvement in measure-
ment accuracy by a factor of nearly 2. We have
described the theory and use of a crossover region, the
point at which the sensitivity of a molecular- and an
aerosol-based wind measurement is equal. If the
edge filters are located at this point, then the aerosol
signal acts in the same manner as the molecular
signal. This has the effect of desensitizing the mo-

Fig. 11. Simulation results for a satellite-based 355-nm double-
edge system at 400 km for a 1-J laser energy, a 200 km 3 200 km
spatial resolution, and a 1-km vertical resolution.
lecular measurement to the effects of aerosol back-
scatter. We also have shown that measurements at
the crossover location lie within 3% of the minimum
error. The use of double-edge filters allows the sys-
tem to be balanced not only at the crossover location
but also over a range of frequencies with a width of
the order of 6100 mys.

We have given methods for optimizing the perfor-
mance of the measurement and have shown that edge
filters with a spectral width, FWHH, of 1.56 GHz at
355 nm produce measurement sensitivities of 0.73%
mys at the crossover location. We have described a
method for correcting for short-term frequency jitter
in the etalon or laser with a laser reference frequency
measurement. We have also described a method of
removing long-term frequency drifts using the refer-
ence measurement to lock the etalons to the laser
frequency with a servo control system. We have
shown that the effects of R-B scattering on the mea-
surement are significant and have included these ef-
fects in our analysis. The results of simulations for
a conically scanned satellite system at 400-km alti-
tude show that an accuracy of 2–3 mys can be ob-
tained over the altitude range of 2–15 km for a 1-km
vertical resolution, a 200 km 3 200 km spatial reso-
ution, a 0.9-m-diameter telescope, and a laser energy
f 1 Jypulse.
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